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Introduction
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Diverse cellular events involve calcium ions as a primary mediator in the signal 15 transduction pathways triggering, among other signaling processes, Ca 2+ -activated 16 conductances. Since the BK channels are regulated by cytosolic Ca 2+ and depolarizing 17 voltages (Marty, 1981; Pallotta et al., 1981; Latorre et al., 1982) , they are integrators of 18 physiological stimuli including intracellular Ca 2+ elevation and membrane excitability. BK 19 channels are modular proteins where each module accomplishes a specific channel 20 function. Thus, different modules harbor voltage and Ca 2+ sensors that communicate with 21 the channel gate allosterically (Cox et al., 1997; Horrigan and Aldrich, 1999, 2002; 22 Horrigan et al., 1999; Rothberg and Magleby, 1999, 2000; Cui and Aldrich, 2000) . 23
Functional BK channels are formed by homotetramers of α-subunits (Shen et al., 1994 ) 24 each comprising a transmembrane voltage-sensing domain (VSD) and an intracellular 25 Ca 2+ -sensing C-terminal domain (CTD) that can independently modulate the ion 26 conduction gate in the pore domain (PD) (Latorre et al., 2017) . The CTDs consist of two 27 non-identical regulators of the conductance of K + domains (RCK1 and RCK2) arranged 28 into a ring-like tetrameric structure dubbed the gating ring (Wu et al., 2010; Yuan et al., 29 2010 Yuan et al., 29 , 2012 Hite et al., 2017; Tao et al., 2017) . Each RCK domain contains distinct ligand-30 binding sites capable of detecting Ca 2+ in the micromolar range (Schreiber and Salkoff, 31 et al., 2018) as well as the perturbation of VSD movements by Ca 2+ binding (Savalli et al., 48 2012) support the idea that the energetic interaction between both specialized sensors 49 may be crucial to favor BK channel activation. The physical CTD-VSD interface has been 50 suggested to provide the structure capable of mediating the crosstalk between these 51 sensory modules and their synergy in activating the pore domain (Yang et al., 2007; Sun 52 et al., 2013; Tao et al., 2017; Zhang et al., 2017) . However, the strength of the interaction 53 between voltage and Ca 2+ sensors and their relevance to BK channel activation is still an 54 unresolved matter (Horrigan and Aldrich, 2002; Carrasquel-Ursulaez et al., 2015) . Also, 55 the functional role that plays each of the high-affinity Ca 2+ -binding sites on the CTD-VSD 56 allosteric interaction is an open question. The RCK1 and RCK2 Ca 2+ -binding sites have 57 distinct functional properties conferred by their different molecular structures and relative 58 positions within the gating ring (Wu et al., 2010; Yuan et al., 2010 Yuan et al., , 2012 Hite et al., 2017; 59 Tao et al., 2017) . Thus, the RCK sites differ in their Ca 2+ binding affinities (Bao et al., 2002; 60 Xia et al., 2002; Sweet and Cox, 2008) , divalent cations selectivity (Oberhauser et al., 61 domain is in a non-covalent contact with the VSD and the S4-S5 linker being this RCK1-68 VSD interaction surface rearranged when comparing the liganded and Ca 2+ -free 69 structures (Hite et al., 2017; Tao et al., 2017) . Actually, it has been hypothesized that any 70 Ca 2+ -induced rearrangements of the gating ring should be ultimately transmitted to the 71 pore domain via the VSD (Hite et al., 2017; Zhou et al., 2017 and unbound) such that the C ( ) curve behavior is described by the fractional Boltzmann leftward shifted by an incremental allosteric effect (from to 4 ) as the 157 number of Ca 2+ bound to the channel increases ( Figure 2D) . 158 To elucidate the mechanism by which Ca 2+ and voltage sensors interact, we performed 159 fits of the C ( ) data using the two different models represented in the Scheme I and 160 Scheme II (Figure 3A,B) . The allosteric factor that accounts for the coupling between 161 the Ca 2+ -binding sites and the voltage sensors was constrained to values calculated from 162 the experimental data of the C ( ) shift at the Ca conformation of the channel ( = 11 µM). However, we found that the fit with the Scheme 168 II to the C ( ) curves (Figure 3B ) is better than the fit to the data using Scheme I ( Figure   169 3A) as indicated by the Akaike model selection criteria (AIC) (Akaike, 1974 Figure 2D and Figure 3B ). properties (Zeng et al., 2005; Sweet and Cox, 2008; Yang et al., 2010; Savalli et al., 2012; 185 Tao et al., 2017 been shown to eliminate the Ca 2+ sensitivity derived from the RCK1 site (Bao et al., 2002 (Bao et al., , 194 2004 Zhang et al., 2010) . In this mutant, the 100 µM Ca 2+ -induced shift in H of VSD 195 activation curve is also considerably smaller relative to WT (about 54%, ∆ H (M513I) = - is a key residue in the coordination of Ca 2+ ion (Wu et al., 2010; Zhang et al., 2010; Tao 201 et al., 2017) . On the other hand, neutralization of the residues forming part of the Ca 
∆∆
(M513I) = -3.6 ± 0.5 kJ/mol) ( Figure 4C and Figure 5C ). In the same way, the 211 occupation of the RCK1 Ca 2+ -binding site decreases the free energy necessary to activate 212 the VSD in -3.8 ± 0.4 kJ/mol (∆∆ (5D5A)). Remarkably, these findings reveal an additive 213 effect of Ca 2+ -binding to the RCK1 and Ca 2+ bowl sites on the VSD activation which 214 suggest independent allosteric pathways through which they exert their modulation on the 215
VSD. 216
Taking these results into account, we expanded the Ca 2+ -VSD interaction model described 217 by Scheme II considering the energetic contribution of the two kinds of Ca 2+ sensors on 218 the VSD per α-subunit ( = 1 * 2 ) (Figure 2-figure supplement 1E Recent insights into a major interplay between voltage-and Ca 2+ -sensing modules in the 233 BK channel are supported by functional and structural studies (Yuan et al., 2010; Savalli 234 et al., 2012; Miranda et al., 2013 Miranda et al., , 2016 Miranda et al., , 2018 Carrasquel-Ursulaez et al., 2015; Hite et 235 al., 2017; Tao et al., 2017; Zhang et al., 2017) , offering a new perspective in our 236 understanding of its multimodal gating mechanism. However, the CTD-VSD allosteric 237 coupling as well its molecular nature has yet to be firmly established since their direct 238 assessment is subject to great experimental challenges. Based on the functional 239 independence of the distinct structural domains (PD, CTD, and VSD), the energetic 240 relationship between the sensory modules can be directly defined comparing the voltage 241 sensor equilibrium change at extreme Ca 2+ stimulus conditions limiting the status of the 242 Figure 3B ). This concerted CTD-VSD 294 communication may underlie a mechanism analogous to the mechanical strategy of 295 interaction between the homooctameric ring of RCK domains and the pore module 296 described for bacterial K + channels (Jiang et al., 2002; Ye et al., 2006; Lingle, 2007; Pau 297 et al., 2011; Smith et al., 2012 Smith et al., , 2013 . Both in MthK and BK channels, the Ca 2+ -site 298 occupancy triggers a conformational change conveying to a symmetric overall 299 rearrangement of the cytosolic tetrameric structure that finally is propagated to the 300 transmembrane regions (TMD) via C-linker and in the BK channel also via the protein-301 protein interfaces between the gating ring and the TMD (Jiang et al., 2002 (Jiang et al., , 2003 Ye et 302 al., 2006; Yuan et al., 2010 Yuan et al., , 2012 Pau et al., 2011; Smith et al., 2012; Tao et al., 2017) . 303
Consequently, we can speculate that each Ca 2+ -binding event produces a gradual 304 conformational expansion of the gating ring affecting the four voltage sensors in each step 305 through the progressive perturbations within the protein-protein interfaces. 306
As mentioned above, the communication pathway through which the Ca 2+ -driven 307 conformational changes are propagated to the voltage sensors appears to critically reside 308 on the CTD-VSD interface that involves non-covalent interactions between RCK1 N-lobe 309 and S0-S4 transmembrane segments (Yang et al., 2007 (Yang et al., , 2008 (Yang et al., , 2010 Sun et al., 2013; 310 Hite et al., 2017; Tao et al., 2017) . Scanning mutagenesis of RCK1-N terminal subdomain 311 indicated that residues on the βA-αC region are involved into the allosteric connection of 312 the Ca 2+ -dependent activation mediated by RCK1 site occupancy but not to the Ca 2+ bowl 313 (Yang et al., 2010) . In line with this study, the selective activation of the RCK1 domain was 314 identified to be responsible for the Ca 2+ -induced VSD rearrangement (Savalli et al., 2012) 315 and the voltage dependence of the Ca 2+ -driven motions of gating ring (Miranda et al., 316 2016 (Miranda et al., 316 , 2018 , suggesting that CTD-VSD allosteric coupling is primarily determined by the 317 RCK1 site. However, our results are inconsistent with this picture. The constructs 318 D362A/D367A and 5D5A (D894A-D898A) selectively impaired the Ca 2+ -sensitivity of the 319 RCK1-and RCK2-sensors, respectively, by neutralization of residues that are involved in 320 contributing to Ca 2+ -coordination (Zhang et al., 2010; Tao et al., 2017) . Comparing the fast 321 gating charge movement at 0 Ca 2+ and saturating Ca 2+ conditions reflects that the 322 energetic effect of Ca 2+ -binding on voltage sensor equilibrium is practically identical (~ -4 323 kJ/mol) for either the D362A/D367A mutations or 5D5A mutations (Figure 4) . Thus, our 324 findings establish that the RCK2-driven contribution to CTD-VSD energetic coupling is 325 quite similar to the RCK1-driven contribution. The functional role of the RCK2-sensor on 326 Ca 2+ -sensitivity of VSD activation was further corroborated using the M513I mutation 327 (Digidata 1550B; Molecular Devices), using a sampling rate of 500 kHz. Linear membrane 394 capacitance and leak subtraction were performed based on a P/4 protocol (Armstrong and ).
429
Model fitting. 430
We fit the C ( , [Ca 2+ ]) experimental data using two distinct interaction mechanism 431 between Ca 2+ -binding sites and voltage sensor (see Scheme I and Scheme II in the Figure  432 following the CTD-VSD interaction mechanisms described by the Scheme I and Scheme II 730 (Figure 2A,B) . Simulations of the C ( ) curves using the Scheme I (Model I) were obtained using the 
771
The expression in the first bracket represents the fraction of VSD belonging to a channel 772 with (0 to 4) Ca 2+ bound, according to a binomial probability distribution. Thus, the C ( ) (Figure 2A,B) , respectively, where the vertical transitions (R-A) represent
